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图1 A. 不同铁含量催化剂的起始电位值；B. BP-NFe催化剂在扫描30000圈前后以及加入CN-后的RDE极化曲线， 并与商
业Pt/C对比；C. BP-NFe催化剂的抗甲醇毒化曲线；D. 60 oC下CBP-NFe和Pt/C的ADMFCs电池电压和功率密度曲线[9]
Fig. 1 A. Fe-content dependent on set potentials of BP-NFe catalysts; B. RDE polarization curves of BP-NFe with a scan rate of 5
mV·s-1 before and after 30000 potential cycles in O2-saturated 0.1 mol·L-1 KOH, and then KCN was added; C. The toler-
ance and stability of BP-NFe in O2-saturated, 3 mol·L-1 methanol O2-saturated and CO-O2 saturated 0.1 mol·L-1 KOH; D.
The cell voltage and power density curves of ADMFCs at 60 oC with optimal BP-NFe (3 mg·cm-2) (square) and Pt/C (60%,
by mass，3 mgPt·cm-2) (star) as cathodes, respectively[9]
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图2 A. 石英管底部合成的垂直排列的氮掺杂碳纳米管扫描电镜照片；B. Pt-C/GC（1）、VA-CCNT/GC（2）和VA-NCNT（3）
电极在空气饱和的0.1 mol·L-1 KOH溶液的旋转环盘（RRDE）极化曲线[16]
Fig. 2 A. SEM image of the as-synthesized VA-NCNTs on a quartz substrate; B. RRDE voltammograms for oxygen reduction in
air-saturated 0.1 mol·L-1 KOH at the Pt-C/GC (curve 1), VA-CCNT/GC (curve 2), and VA-NCNT (curve 3) electrodes[16]
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图3 A.不同F含量的BP-F催化剂及20%(by mass)铂在氧气饱和的0.1 mol·L-1 KOH溶液中的RRDE极化曲线,旋转速率为1600
r·min-1,扫描速率为5 mV·s-1[46]；B. F1s的高分辨XPS光谱(插图为黑线BP的放大图)[46]；C. BP和BP-18F催化剂的Raman光
谱[46]；D. BP、BP-18F和Pt/C在0.5 mol·L-1 H2SO4溶液中的双氧水含量[47]
Fig. 3 A. Linear sweep curves of different BP-F catalysts and 20% (by mass) Pt in O2-saturated 0.1 mol·L-1 KOH with a rotation
rate of 1600 r·min-1 and a scan rate of 5 mV·s-1 [46]; B. high-resolution XPS spectrum of F1s [46]; C. Raman spectra for BP
and BP-18F catalysts (the inset is the magnification of the black line for BP)[46]; D. H2O2 yields of the catalysts calculated
from RRDE curves in 0.5 mol·L-1 H2SO4 at 1600 r·min-1[47]
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图4 A. BP2000-NF和Pt/C催化剂的Tafel曲线 ；B. 0.1 mol·L-1 KOH溶液中BP2000-NF催化剂在分别扫描6000、20000和
50000圈前后的RDE极化曲线(扫描速率为5 mV·s-1)；C. BP2000-NF（方形）和Pt/C（星状）的ADMFCs在60 oC下的开路
电压和功率密度曲线；D. BP2000-NF和Pt/C催化剂的归一化寿命曲线（37 oC，200 mA）[48]
Fig. 4 A. Tafel plots for BP2000-NF and Pt/C; B. RDE polarization curves of BP2000-NF with scan rate of 5 mV·s-1 before and
after 6 000, 20 000 and 50 000 potential cycles in O2-saturated 0.1 mol·L-1 KOH; C. The cell voltage and power density
curves of ADMFCs at 60 oC with BP2000-NF (3 mg·cm-2) (square) and Pt/C (60% by mass, 3 mgPt·cm-2) (star) as cath-
odes, respectively; D. The normalized long-term operation stability of ADMFC potential using BP2000-NF and Pt/C as
cathodes, respectively, with fixed current of 200 mA at 37 oC. Anode: Pt/C (60 % by mass, 3 mgPt·cm-2) with 2 mol·L-1
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Recent Research Progress for Non-Pt-Based Oxygen Reduction
Reaction Electrocatalysts in Fuel Cell
SONG Ping1,2, RUAN Ming-bo1,2, LIU Jing1,2, RAN Guang-jun1,2, XU Wei-lin1,2*
(1. State Key Laboratory of Electroanalytical Chemistry, Chinese Academy of Sciences,
Changchun 130022, China; 2. Jilin Province Key Laboratory of Low Carbon Chemical Power,
Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China)
Abstract: The expensive Pt-based catalyst suffers from its susceptibility to time-dependent drift, methanol crossover, and car-
bon monoxide (CO) deactivation, which will block the large-scale commercial application of fuel cells. It is necessary to develop ef-
ficient, low-cost, highly stable non-precious metal oxygen reduction reaction (ORR) catalysts with high catalytic performance. Here,
we will pay attention to the research progress of non-precious metal and heteroatom-doped (N, B, P, S, F) metal-free ORR catalysts.
Importantly, we mainly focus on the work developed by Xu’s group with the Fe-based non-precious metal and F/NF-doped met-
al-free ORR catalysts. The purpose of these works is to improve the activity and durability of the catalysts based on cheap materials
and simple methods. Meanwhile, the combination of theoretical calculations in catalytic activity and mechanism will explain the
origin of high activity, which will support strong theoretical foundation for experimental design in ORR catalysts with high perfor-
mance in future.
Key words: oxygen reduction reaction; non-precious metal catalyst; metal-free catalyst; high performance/cost ratio; high sta-
bility; catalytic mechanism; theoretical level
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